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I - DEZl&mUTION 01’THE COULING CH&RACT~CS

. . “.“ .OF THE EUGEC ENG13U?..

By Milton Werner, Calvin C. Blackman, and H. Jack White

The oooltng characteristics of a modified 14-cylinder double-
row radial alr-coobd engine Installed In a four-engine airplane were
determined tiom coollng data obtained In E alngle flight at a pres- “
sure altitude of 7000 feet. The tests were conducted In such a
manner that the effeots of charge-air flow, coollng-alr pressure
drop, and fuel-alr ratio on engine cooling could be separately
InvestI&ted.

From the results of the cooling-correl.ation data, the coolhg-
limited performance relations for normal engine operathg con-
ditions”were calculated and maximum engine temperature were ~edioted
by means of the coollng squatlone ~esentpd herein. The maximum
temperatures predioted for cylinder heads, flanges, a@ ~bmele “
satlsfy the manufacturerI8 llmitatlone for all operatIng qondltions
exoept take-off. Teaqe.rature-lYmltedperformanoe as a function
of fuel-air ratio d cowl-flap eetting was pred%cted for four-
e~~ QperatIon of the airpiane at maximum oylider-hS8d tempera- . “
tures of 4000 and 4500 F. F%om the predicted temperature-limited
performance It appesxs that the rear-spark-plug-gaskettempera-
ture llmlt would be exoeeded before that of the flange. The ..
mmfacturer ~s speczfimtion for me@.mum-cruise power, In mm-
M.nation with the carburetor-meteringcharacteristic mrve, Is
In close ~eement with the temperature-llmitedperformancee “for
400° F maximum head temperature and closed cowl flaps.
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At the request of the Alr Teohnloal Service Commml, Army Air
Foroes, an investigation to evaluate varicus high-performance fuel
oompotint0 aO
on a modified
laboratory of

In order

blending agents for aviation fuels Is being oonducted
double-row radial air-cooled engine at the Clevelani
the N-WA.

to evaluate the practicability of using high-performance

fuels for a given engine installatIon, it is desirable to cmnpare the
cooling-limltedpower with the hock-limited power; a correlation of
the cooling characteristics of the e~ine was consequently made.

Because the prcpertlea of all teet fuels are suffloiently alike,
Insofar as ohhracterlstics affecting engine cooling are concerned,
the cooling tests were made using the reference fuel (28-R).

Ths ffrst phase of th@ flight program consisted In an investi-
gation of the cooling characteristics of the orighal test engine
Instailed in a four-eng+ineairplane. (See refereaoe 1.) The seo-
ond phase of the flight program was made with a modified engine
beoeyse the design changes hprovad coollng and inoreased power
ratings; the changes sz-edetailed In the appendix. This report,
which Is the.first investigation in the second phase, presents the
coolinR charaoteristlcs of the modified test en@ne. The correla-
tion o= these engine oooling
in reference 2..

lmKPMgm

data 1s based”on tie method developed

AND ~STRUMENTATION

Test engine. - .Theflight tests were conducted onan R-1830-!34
engine mounted In the left inboard naceUe of a B-24D airplane.
The engine is a 14-cylinder dopble:row radial a+h-cooled engine with
a normal rated power of 1109 brake horsepower at 2600 rpm and a
take-off power of 1350 brake horsepower at 2800 rpm.

Instrumentation. - A det~iled description of the equipnent, the
instrumentation,the stations at which data were recorded, the differ-
ences between tk modified (R-1830-94) engine and the original test

(R-lt130-80C)engine, and the method of setting conditions during
tests are given In.the appendix. The airplane was

all data could be recorded within approximately 10
2-minute stabilization period.

so equipped that
seconds afier the
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The Coolipg-air pressure drop across the engine was measureq
by totel-pressurs tubes In front of the engine and static-pressure
tubes at the rear of the euglne.

The coollng en~sis for the cyl~r heads was based on the
temperatures of the rear-spark-pl~ bosses designated T38. These
tw@eratm’es were measured by 14 embedded themnocouples Inserted
50 percent of ‘b head-metal thickness into ths resr-spark-pl~
bosses of the cyltnders. The thenwcouple” ~unction was located at
the bottom of a brass bushing (1/8-in. dlam.). The cooling analysis
for the cylinder bqrrels,wasbased”on the rear middle-barml tem-
peratures designated. T6. The barrel temperatures were measured.
by themnocouples in the reu middle of the cylinder outer wall
between fIns 8 end 9, counting f’rcauthe top fin; this themnocouple
$n.otion was ~eened tito a hole 1/16 Inch daep in the al.UMin~l:f
the cyl~r muff. The rgar-spark-plug-gasketthermocouple
end the cylinder reaz--hold-d”own-flav thermocouple T14 were used

to detenuine tompcrature limits in accordance with the manufactured
specifications.

TIBT PROCEDUKE

A sln@e cooli~ flight was made with the modified engine
installed in a four-engine airplane. !lhctest conditions were
as follows: pressure altltu~ 7000 feet; low blowor ratio;
engine epeed~ 2250 -; spark advance, 2S0 B .T.C. Tho fuel used
was 28-R.

The flight test was divided Into three parts:

1. Variable charge-air flow: The charge-air flow was varied
while the en@ne coollng-air pressure drop was maintained approxi-
mately constent and the fuel-alr ratio was held as close to O.Oa
= possible● . .

2. Variable coolbg-air pressure drop: .The cool&air pres-
sure drop was”varied while the charge-air flow was malntahed apprax-
lmately ccmetant and the fuel-ah ratio was held as close to 0.08 as “
possible.

s. Variable fuel-air ratio: The f’&-air ratio
the charge-air flow and the coollng-air pressure drop
a~te~ conetat.

.

W varied while
were mdntalned
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Ibock data were recorded fi?ama number of flights using 28-R,
trlptane bleti, and xylidIne bled fuele’at the,followlng engine con-
dlttone: eng?ne speed, 1800 to 2250 rpm; high and low blower; spark
advance, 25° B.T.C.; carburetor-air tganperature,80° and 100o F. The
tick data were used In ccxublnatlonwlth the vezlable fuel-air-ratio
data of the cooling fllght In deteminl.ng the variation of mean effec-
tive gae temperature T

%
with fuel-alr ratio.

CORRELATION PROCEDURE

The correlation equation
written “

. Th-Ta

T -T ‘r
gh h

developed in reference 1 Is often

%-%. =K w
T - Tb
*

(OAp~m

or

0
*m

‘h - ‘a- or ‘h - ‘a
w=n/m

=K—

‘6h
- Th

‘%
- Tb Ap

where

‘h

‘b

Ta

‘a
T
gb

Wc

AP

average cyllnder-head temperature, %

average cylinder-barrel temperature, OF

cooling-alr temperature (computed stagnation temperature
at front of engine), W

mean effective gas temperature for heads, OF

mean effeetIvo gas temperature for barrels, %

charge-air flow, pounds per hour/1000

cooling-air pressure drop, inches of water
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u ratio of cooling-air daagnatlcn denelty at fimnt of
engine to WACA standa&d density at sea level (etag-

.-. . ,: nation ,deneitytalc@.ated.frdm .f&ee=aLc‘pressure “’“
and l+mperature at flight veloclty for each teat run)

n, m, K ““ c&e%@s derived fram cbollng A&k ..

I“The.rn~ effect~~e &s “t&perat~es w&e cczuput~ frcnnthe”fol=
lowing equations developed in reference 3: .- , - . . ......
. . . . .... .. . ...”

. .. . .. ‘r (
..“

T + 20.7 =$..]2
‘%= Tg~+AT%=T~+0”8Lc ).1(Hi&o‘.“.’”

. . .. .

‘gb=‘6bo+‘T%=‘~o”+ 0“42[Tc+2@.7($%%q--J
.

where

AT80 change in mean effective gas temperature, %?

Tc . c~buretor Inlet-air te&perature, OF
I

The values of T
f%’

in accordance with previous coolhg-

correlatlon practice, were taken as 1086° F for the heads and 536° F
for the bdrrels at a fuel-air ratlo of @.08 and a reference ~SfOld -
alr temperature of 0° F. Inasmuch as “Itwas found Impossible to
~intatn a constant fuel-airzat10 at exactly Cl.08, correctlone were
necessary, when determining the constants m and n, by asauming a
portion of a T curve.

%:
we calculations.fon correcting the .varla-

t ions in fuel-a~ ratio-were bq%ed”an a @rt ;on-of.the “T
%

ctive. .

obtained with the original teat engtne previously installed “in
four-en@ne airplane9 . . . .. .. . ... . . . . ...:

The data &cm the ~iable c&rg~alr ~CW rti p%vide. a
of TM - ~~T% - .~h - Tb - T~T@ -“Tb~ for the heads h

krrele,” respectively, agairist Wc .(fig. “1). The axponent n

the elope of the resulting line. In a Slrnlk: - the data
the vaFleiblecooling-air pressure-drop ~- provide a plot of

the

plot
the .

18 .

from .
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Th - T~Tm -

the exptment
varlabze W=

for the “heads
Th - T~Tgh -

.—. . ----

H4CA ~ HO. =9

Thand Tb - ‘tiTgb - Tb against.u Ap from whloh

m Is obtained. (See flg. 2.) By the use of both the
and the variable a Ap data~ a fird oorrelatIon curve

and”the barrels Is obtahed by plotting
Th end” ~ - T@gb - % a6af~t WC~m~Ap in flg-

ure 3. F%cm these f’Inal correlation ourves, the constant K is
determined. The correlation curves are then used In computing T

m
values for the variable fuel-air-rat10 ooollng data and all’the lmock
data obtained wIth the modlxled test engine In the four-onglne air-
plane.

Because of the difficulty in maintatnlng constant condltIons In
flight, corrections had to be made fcr variations of Wc and u Ap

when they were,supposedly held constant. It was therefore necessary
to make a series of preliminary graphs similar to figures 1, 2, and 3
until the error due to the variations in Wc and uAp were reduced,

by successive corrections, to a negligible amount.

the

RlSULT8 AND DISCUSSIOIV

The cooling squatIons obtained frm the correlation curves for
heads and the barrels (figs. 1, 2, and 3) are as follows:

0.320
w 0.683 w 2.I.34

‘h - ‘a
= 0.270 c

()

c
or 0.270 — (Heads)

‘& ‘h (~Ap]
0.320

(’?Ap,

w 0.742

()

w 1.309 0“=7
‘b- Ta=o W5 c

..

(@p)0*567 w 0*5~5 ~

(Barrels) ~

‘a
- Tb \ (JAP -

The data from a large number of bock tests made over a wide

range of oondltione”were correlated by the cooling equattons and are
preecnted In figure 4 as a plot of T

m
against fuel-alr ratio. The

‘%
curve for the heads was faired as nearly as possible through

the average of the test data while intersecting the Inltially assumed
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of 1086° F at s f%el.-airrat!.oof 0.08. The T
go

c“ur+e
..

for the biu”relewae “ila*&3”to
ature of 536° F at a fuel-ah
the test points lie above the

range of fuel-a~x ratios flxxu
In the test da$~ for whioh no

,.

inte~sect the initl~~. assumed temper-
ratto of 0.08. The @eater number of
barrel T.% curve .(flg.4) in the

,
0.06 to 0.09, iti,f.eatinga dlmn%paucy
erplsmt Ion 18 ap~rent. “ “. .

The d&ih~icns of maximum .cyllndeitemperatures fr& the”avkqage
temperatures are tidlownin figures.5 and 6 for the rear-spark-plug “
boss.and the.yeei-ppe~k-pluggasket, resp~otively, and in figures ?
ad 8 f“orthe .r~ middle barrel and the cyllnder rear-held-down
-e, respsctZvely. The maximum temperatures spqclfied b~ the
man@acturer (reftience 4) are basal on the r~az’-spark-plug-gasket
temperatw.es TL2 for the heeds an! ‘~ponthe cylinder rear-bold-

dowil-flange&mperatures T14 for the barmle, The coon@ oorr=- .

latIon was based on the average rear-spark-plug-bogs tamporatures “
T38 for the heads and the ave~age rear mlddle-bar=el temperatures

T6 for the barrels.
..

In order to compare tha temperatures predlcted by the cbollng
equation with those sFeci?ied b~ the engine mantiacturer, 1t was “
necessary to plot average T12 qa~net .mx’aw T38 for the heads

(fig. S).and average T14 ag~lnst average ‘6
far the barrels

(fig. 10). .The three curves In figure 10, fcr different vaZu6a of
coollng-air preaeure drcp, show th&t the dlfi’erence.betweenfhnge .
temperatures and middle-barrel temperatures is less for lower
cool:.n&air pressure drop. The oalculat!ons for predlct~ ma+
lmum flange temperatures were based .pnrear middle-b@rel tempqr-”.“
atures, wlii6hwere convertdd *O flange taup~atures .by thq we. of
fIgure 10 @ we proper cooling-alr a Ap. Figure 10,.in comb&F-
tlon with the GAp for the operating conditlonA.des”li%d”,ia also ..
used wh6,n.the manufacturer~s s~ecifled f@ge. temperature”lmit . . . .
of 335° F is converted..to tliecorresporxl:ng ,rearmiddle-barrel
tanperatures. .. ; :.. .

!- .,, .“..
.. .. .... ..

M&miam temp&atured .pred’lctedfor._ ~eratlng ctindI{io@ “
of the four-mglpe airplane are “tibulatadIn the last .thige“
00IUULQSof table 1. The operatlng oonditlon.pat an alti-tuflb.og
700(Jfept &-a.~sed -on a carburetor-airteqperahre cf 600-F.. Cwl- .
flap settings and .approxlmateval~s cf “gAp for varloue fi~@t
caditions were ob~ined .wl.tlithe aid of reference 5 and.perfolmanoo

...’.,.

L ————.
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data of the modified test engine in flight. flowl-flapsettings were
giveh as one-th~ open and closed. The values of Ap/q= [where qc

Is impadi pressure) for the cylinder heads at cowl-flap sett~s of
one-third open and closed were found In these teats to be 0.70 and
0.61, respectively; the values for the cylinder barrels were 0.59
and 0.51, respectively. These values in combination with qc at

different values of indicated airspeed were then used In determining
approximate values ‘of Ap far various flight conditions. Maximum
head, rear-hold-down-flange,and rear middle-barrel temperatures
predicted by the cooling equation are wIthin the maximum temperature
limitations set by the manufacturer for all condItIons except take-
off.

During the cooling test, the hottest cylinder head was cyllndn”
for rich mixtures ami cylinder 11 for lean mitiurern;the hottest
cylinder barrel was cylinder 8 for both rich and lean mixtures.
Cylinder 6 had the hottest cylinder rear-hold-down flange for the
rioh mixtures; for the lean mixtures, cylinders 6, 8, and 9 were the
hottest.

the

1

The predicted temperature-limitedbrake horsepower and manifold
pressure for 180(3and 2250 rpm are shown In fi@res 11 and 12,
respectively. These curves show the horsepowers and the manifold
pressures expected on each of the four modified test engines during
‘i’l.lghtof fo-m-enghe airplane at a gross weight of 50,000 pounds, an
altltude of 7000 feet, a free-air and carburetor-air temperature
representative for the knock data, and maximum rear-spark-plug-
gaaket temperatures of 400° and 4500 F. Calculations were made for
both one-third open and closed cowl flaps at eaoh of these tcimpera-
tures. The predicted maximum temperatures of the rear middle barrel
ami the oylinder hold-down flange corresponding to the temperature-
limit%d o-es in figures U and 12 are * in f@ure 13 for engine
speeds of both 1800 &d 2250 rpm. 1!% figure 13 It may be seen that
the flange temperatures do not exceed the limit (335° F) set by the
manufacturer, indicating that the temperature limit for the rear-spark-
plug gasket would be exceeded before that of the flange. These estimated
temperature-limitedrelatlons were determined by the use of the oruise
cmntrol dart (reference 5) for the airplane and the air-flow manifold-
pressure data obtained ficzuflight-hock tests with 28-R, triptane
blaml, and xylldine blefi fuels. An enumeration of the assumptions
made In these oalculatlons may be found in reference 6, which presents
stiilsr data for the original test engine. The engine manufacturer’s
instructions for maximum cruise with the modlfled test engtne specify
a manifold pressure of 31.2 Inohes of mercury absolute at 2250 rpu,
low blower ratio, cowl flaps closed, and autmatic lean-mixture setting.
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The curve for automatit-lean

9

cexburetor-mster’ingchea%mter~etlca in
flgure 12 Indicates that this cruising power falls close to the

-. predicted temperature-llmltedperformance curve for-a nmxlmum rw*-
spark-plug-gaskettemperature of 400° F with cowl flaps closed.

. .
. .

STJMARY OF RESULTS

The following cooling characteristlceapply to the modified
14-cylinder double-row air-cooled engine insta.Ued h a four-
engine.airplane: .
-.

1. The coollng eq’uatIon for the modlfled teatiengine was:

Tb - Ta
~ 0.742

—— = 0.505 ~— (Barrels)

‘%- ‘b
~Ap0.56?

2. T~erat are-lim+ted performance as a functton of fuel-air
ratio and cowl-flap eettlng was predlctmd for four-engine cperation
of the airplane at maximum head temperature of 4G0° and 450° F.
F&a the predicted temperature-limttedperformance, It apFears
that the t.nperatur~ l~mlt set by the manufacturer for the roar-
spsrk-plug gasket would be exceeded before that of the flange.
T& manufacturers speciflcatione for maxtium cruise at 2250 rpm
agree with the temperature-llmltcdpower for a maximum rear-spark-
plu&gasket temperature of 4000 F with cowl flaps closed.

3. FrCU.TIthe results of the cooling-correlationdata, =Immn
engine temperatures were pmdlcted for normal flight conditions of
the a~rp~. Maximum head, rew -hold-down-flange,and rear mlddle-
barml temperatures predicted by the cooling equation exe wlthl.n
the maximum tmperatum llmltatIons set by the manufacturer for all
condLtiona investigated except take-off.

“ Alrcrafi Engine;Rese&ch Laboratory,
.

National Advisory Cmmlttee for Aeronautics, .
Cleveland, Ohio, July 9, 1945.
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APPmmIx - Exm?mNT, ~TIOti, MD I’TZGET-TESTP@Cl!lXM3

By ~lton Werner ad S. Joac@ Lamancu$a

This appendix has been prepered to set fcrth in detail the
equlpnent, the Inetrumontatlon,and the fuel flight-testprocedure
used In the tests of the R-1830-90C (orig~nal) and R-183%94 (mdlf ted)
engince.
materlal

The
recorded
order to

The descriptIon contained herein will be used as reference
for several reports to follow.

knock data required in tests of each engine in fli@t vere
while the mglne was operat03 at knock-limited power. In
reduc’ethe ttie of operation at bock-limited power, the

engine and the airplane were Instrumented to record all-test-data
within a very short ttie after -stabIlizat<on of condltions. The tjme
required for data to be recorded was, in general, only sIIghtly over
10 seconds owing to the use of spec%al film-reccrdhg Instruments of
high seneitivlty and speed. Considerable duplication of measurements
was obtained because of the use of both indicating and recording
inEtrments.

In crder to facilitate ietting engine conditions ar@ to mini-
mize the likelihood of engine failure, many of the primary engine
variables (engine speed, manifold pressure, carburetor-air tempera-
ture, blower ratio, fuel floq, and torque) were indicated at several
stations on gages. These engine variables were also recorded on
film. Most of the gages on which the engine variables ware ~hdicated
for visual inspection wers also photographed. Cylinder-head tempera-
tures were indicated on gages and ~ecorded by galvarmueters. Engine
cooling-ah’ pressures were Indicated on a 190-tube manometer and most
of these pressures were recorded by a 60-cell mammeter. The dupli-
cation of records ~-ovided a check and an aiidittonalsource for most
of the data so that a flight need net be repeated even though certain
instrumentsmay not have been operating prcperly. The data of primary
interest required consisted essentially of the intensity and the
distribution of lmock, pressure and temperature measurements, and
the measurement of vexiables necessary fcm the determination of engine
power and airplane performance.

Features of Test Equipment

Design changes. - The manufacturer1s design features incorporated
in th~mcdifkd teet engine (reference4) that differed from the
original test engine e+reas follows:
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increased.
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cooling area on the cyll.tierheads and bamels has been
A greater number of fine is used around the intake and

exhauet p@ts ad the inte&il. atee~-fine on the ba&ela (on o~”ighal.
-------—

engine) hve been replacti-by an alxmlmm muff w~th increaeed fin
depth. ,“

2“.The lncneae6d qechanlcal strength of engine parte and the
huproved cooll~ resulted in Increased power rat!nge.

3. The supercharger-~mpeller diameter has been increased frcnu
11 to 11.3 inchee. .-.

. .

4; M i~!ection carburetor PD-12F7 has replaced the PD-12F2-16
carburut~-.

5. Fuel”5s lndect~ at the impeller by a fud-disc~~e sp~nner
nozzle at the impeller entrance rather than by the carburetor wIth a
crab-bar. .

6. SF-14LN.8 magnetos are mounted on th nose section in .
front of cylindere 1 and 13.

7. The cems have been redesigned to Include a dual-cam drive.

8. A revleion of the valve timhg (16° lncreaae in valve
overlap) allows higher engine speeds.

9. An automatic two-position spark advance,
hae been Installed to provide low-power cruising
engine at higher spark advance.

25° and 32° B.T.C.,
qperatlon of the

Test changee. - The changes made for testing the modified
engine are as follows: .

1. The fuel-tranefer line from the carburetor to the fu&-
t~ection valve required alteration to adapt the otiigl.nd.(crab- “
bar in~ection] car~urator to the modified engine, which is destgned
for epinner-idpelier injection. Thie change permitted.the standard
epinner-~eller ingection syetau to be used with the teet carburetor.

2. The autoiuaticcontrol for spark setting was replaced by a .
manual.control. ,..7 . ...

.J. ~ . . . .

.1

—.——
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Engine Iastrumentation

The airplane, and the Instalktion of knock-detection apparatus,
pressure-meaeurlng tubes, and thermocouples are beat described by
means of figures 14 to 21. The location and method of mounting the
hock piCkUjX, the pressure tubes, and the thermocouples may be
easily seen In these figures.

Knock-detectIon equl~ent. - A schmatlc diagram of the )mock-— .——
detection equtpment is shuwn-l~ figure 15. A pressure-sensitive
pickup of the magnetostrlctlon t~a was inserted into the cabustion
chamber of each cyllnder. The ptckmps convert changes In combustion
pressures and vibrations within tha cyllnders to electrical impulses,
These Impulses, amplified to energtze the vertical deflecting plates
of the oscilloscope, azzemanifested by verttcal movetnenteof the
electron beam on the fluorescent ecreen. The 24-volt direct-current
output fim a storage battery was changed to 110 vclts alternating
current in the Inverter. The output ficm the lnve~ter In combination
with an engine-driven timer provided the electrmuotive force to the
horizontal deflecting platee and prcduced the horizontal sweep of
the electron beam across the screen in direct synchronization w~th
the engine. A diagram skcwirq rate-of-pressure change against time
was obtained wtth thts installation.

Three oscilloscopes were used to perm~t the diagrams of three
cylinders to be viewed at one t-. A complete survey of all cyl-
inders could be made within a few seccnds ty means of a special
selector ew?tch. This switch also operated the eequence cylinder
lights, which identified the cylindere appearing on the oscillo-
scopes at a given time. In order that the combustion portion ef the
diagrams for all cylhders.wculd appear at the center of their
respective oscilloscope screen, It was found convenient to prov:de
the equivalent of five Independent engine-driven ccntactors. This
feature was achieved by means cf a long camshaft provided with five
“flats,” all at different an@es with respect to a given crankshaft
position, Each flat operated a separate breaker-point assenibly,as
shown in figure 15. Detection of preignition was facilitated by
this provision because any deviation of the diagrem frcm the center
of the screen indicated an irregularity In the combustion prccess.

Thermocouples. - JU2 t.hermocouploswere 24-Gage Iron-cccstrmtcn
@EtlonP oxcopt tho~o In tho exhaust stack end the oxidlz~ fur-
nace, which wore 22-gage chromel-eLumel @ctione. Three thermo-
couples were located on the head and two on the barrel of each cyl-
lnder. A here themnocouple for meaeuring mMazre temperature was
hserted Into the center of each intake manifold. A thermocouple
formeasurlng carburetor-air temperature was mounted on the carbu-
retor screen.



IVAOAMR NO. E5G09 13

The head temperatures were measured by an embedded thermocouple
in the front-spark-plug boss T36, an embedded thermocouple in the

rear-spark-plug boss “T388 and by a thermocouple cm the rear-
s~k-pl~ ~eket Tlz”. Details of the installation of a typioal
embedded rear-spark-plug-bossthermocouple are shown In figure 16.
Both embedded thermocouples T36 and T3S wem lneerted 300

toward the exhaust side; T12 was of the oouventlonaliflanget~
with a double jumtion, one for indioatlng the temperature oriindi-
vidual @gee and the other for recording the temperature on a galva-
nometers. The barrel te

r

ratures were umaeured by a thermocouple
T6, whloh wae peened L 16 “inohinto the rear middle of the aluminum
muff between fins 8 and 9, counting from the top. Additional meas-
urements were taken from thermomuples inserted throu@ the alumlnum
muff to contact the etoei of the barrel. This thermmouple provided
a tempemture oheck between the thermocouple peened into the ahunlnum
mtif and the thermocouple contacting the eteel of the barrel. Negli-
@ble difference in tenqjeraturewae observed, however, between these
two thermocouples. Flange temperatures were indicated by a oylinder
rear--hold-down-fla~e thermocouple T14. The ~unction of T14 =8
spot-welded to the fillet of the steel flange at the rear of the
cylinder, which location corrseponde to that epecifled by the manu-
facturer for the llmitlng-bamel temperatures. (A epot-welded
thermocouple ie not recommended for similar tests beoause an engine
failure reeulted from u fatigue craok that originated at one of
thes6 spot welds,) Tho location and method of mounting thermocouples
T36, T38, T12, T6, and T14 a-e shown in figtiree17 to 20. The
mixturo temp.aature for each cylinder wae meaeured by looatlng a
bare thermocouple at the center of oaoh intake nwnifold at a distance

1
of approximately ~= Inches from the outer case of the supercharger.

The thermocouple for measuring carburetor-airtemperature wae mounted
on the carburetor ecreen with the iron ~unotion over one vqnturi and

the constantan ~unctlon over the other venturi of the carburetorwlth
a common wire of the soreen joining the two $anotlons. llYee-air
tempemture wae measured ~ meane of a eix-flunotlonthermoplle.

Fuel-flow measurements. - Meaeurenmts d tuel flow were made.—
by three independentmethods: a deflecting-vans-typ fuel flowmeter,
& electrical~type Indicating fuel flowmeter (referenoe 7) that
measureu a temperature dlfferenoe oreated in the fluid by the addl-
tlon of eleotrhally generated heat (oalled anNACA themml flowmeter
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hereinafter), and a fuel rotameter. The fuel flow as Indloated
by the deflecting-vane-typeflowmeter was used for most oomputationa;
huwever, the readings of @e thermal flowmeter and the rotameter,
in general, cheoked those of the deflectlng-vane-t~pe flowmster very

. Oloaely.

The deflectlng-vane-typefuel flowmeter was Installed in the
fuel-trsnsfer line between the carburetor and the fuel-lnJection
valve. ThIe provision eliminated the ohange for errors In fuel-flow
measurenmt as a result of backflow”of li.quidfuel through the
carburetor vapor elhnlnator. In addition, a solenoid shut-off valve
in tha vapor-ellmlnmtor line permitted the flaw in this line to be
stopped for the brlof interval in the test sequence when rotameter
readi~s wero being taken. The rotameter was located In the line
between the fuel tanks and the engine fuel pump end was mounted in
the bomb bay. In oertdn Inetanoes (usually at low values of fuel
flow) the rotameter was found to give erratic readings, which were
attributed to sticking of the bob on the guide rod. Inasmuch as
readings from the rdxuieter checked the deflecting-vane-typemeter over
the red of the range, the deflecting-vane-typedata were generally
used.

IXhaust-gas-snmpllng system.-- Exhaust gas was drawn Into the
sampl~n-g-”~~t~m%firougha~ch impact tube looatod in the main
exhaust stack immediately do-istream of the engine collector-ring
outlet. This *S was then passed through heated, oxidizing elements
filled with copper oxide In wire fore) which converted all the
carbonaceous products of normal combustion other than C02 (CO, CH4,

free carbon, and others) into C02 und water vapor. me oxidizing
unit was mounted in an enlarged section of the main exhaust stack
as shown In figure 21 so that the greater portion of +Ae heat neces-
sary for this reaction would be supplied LJ$the hot exhaust gases
passing tu the turbosupercharger. Eluctric heating coils provided
additional heating of the elements In such cases when suffloient
heat was not available from the exhaust gases. After telng passed
through a CaC12 desiccator (drying) unit, the exlmust-gas sample
was conducted to the rear of the airplane whe~e three separate
amilyees were made by Oz’satapparatus for each test point to deter-
mine the C02 content of the oxidized samples. Fair agxeement was
obtained between fuel-air ratios by means of the average of the
three Orsat analyses and by calculations from measured fuel flow
and alr flow.
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Carburetor. - A PD-12F2-16 carburetor was used because
caplete air-flow oalibrathn data were available for it (fmm -

...tests .ofreferences 1.and 6) and beoause tt permltted fuel-alr.-
ratlc to be varied over a samewhat wider range than would be
available frmu the standard PD-12F~ carburetor for the modified
engine. Sensltive oontrol of fuel flow In the lean-mixture range
was simplified by the tie cf the specially contoured (cruising)
mixture-control plate supplied by the ~burdmr mamifacturer.

Chargo-alr-flowmeasurements. - The oerburetor was given the.-— — —.— —. —.-
standard air-flow oalibrat1on In an alr box with part of the
upstream dueting from the airplane in’place. It was found neces-
sary to cheek this oalibration wIth the oarburetor in the airplane
wIth turbosupercharger, intercooler, and all ducting in operation.
A special duct, which was eqnlpped wIth a sharp-edged entrance
orlflce and a two-dtmenslonal ~essure-tube rake, was inetalled
ahead of the turbosuperchargtirfor an accurate determlnatIon of
charge-air flow during a grOUnd teet. As a result of this lnvesti.-
gatlon, a correction curve was eetabli~hed, which was ueed in
con~unction wIth the standard air-box callbration when determlnlng
rate of air flow In flight from measurements of carburetor-metering
pressures, total pressure at the carburetor face, and carburetor-
air temperatLu*e. A typloal chart is included (fig. 22) that shcws
an approximate method by which ohar~e-alr flow and fuel-air ratic
were rapidly dGtermined durIng f].lght, Curves slmllar to those on
the
Ing
the

uppir po.-tlonof figure 2Z, bu~ based on uncompensated meter-
pressures, were used for accurate computation of alr flow in
find reduction of the data.

.Ceol:~-air preesure tubes. - The coollng-alr prsss-aretubes— —-
were of l/E!-inch copper with a 0.090-inch stainlese-steel tlp at

the entrance. The ccollng-air pressure tubes used in the ooolimg
correlation are underll.nedIn flguro 23. The tubes for determining
the pressure drop across the engine consisted or the total-pressure
tubes at the baffle entrance to thu front-row cylinders (figs. 17
and 23) and static-pressuretubes in the baffle-exit curl and
behhd the top head baffle of the rem-row oylhders. (See
figs. 16, 20, and 23.) Static tubes were locatsd as nearly as
poeslble at the same height (measuring radially from the cylinder-
baso flange) as the total-pressure tubes. Pressure tubes were .
mounted at the baffle entrance to the rear-row cylinders at the
same relative location on the cyllnders
howev~, a diff~ent method .ofmounting
for thla particular baffle arrangement.

as the front-row oylirders;
the klibeswas nece&wary
(See fig. 19J
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Miscellaneous. - Manifold pressures were indicated by a .sensl-
tive manifold-pressure gage. A hydraulic torquemeter was used In
determining engine power. A modification of the torque-nose oil
boost capacity was unnecessary for the modified test-engine torquemeter,
whereas additional boost capacity was necessary for the measurement
of high engine powers with the original test-e~ine torquemeter,
(See reference 6.) Fnglne and turbosupercharger rotational speeds
were Indicated by tachometers.

Computation of Average Cooling-Air Preseure

The cooling-air pressure drop acrcss the engine
heads was taken as the differential pressure between

Drop

for the cyllnder
the total pres-

sure In front CP tho engine axl the atatf.cpressure at the rear-of
the eng:ne. The total pressure was taken as the ave~age of three
total-pressure tubes at the baffle entrance of each of the front-row
cyllnder heads and the static pressure as the average of the static
pressuzzesin the stagnation reglcn hehlnd the head baffle and in
the baffle-exit curl of each of the rear-row cylinder heads. For thu
cylinder barrels the engine cooling-air preqsure (Eop was taken in
a sjmilar manner but with only twc total pressures at the baffle
entrance and cne static Presmre In the baffle exit curl. Figm.e 23
Is a schematic di~am of a front-row and a reer-row cyllnder as Been
from the front of the engine and shcws relative positions of all total-
and static-pressure.tubes as mounted cn the cylinders and their location
with respect to the engino zcnes used for computing average coollng-
air pressure drops.

Average cylinder-head pressure drop for the engine was computed
as follows; The
uveraged for the

av. H 1
ahll = 7

total pressure for a particular tube locat%on was
seven front-row cylinders; for example

(Hahn for cylinders 2, 4, 6, 8, 10, 12, and 14
)

in shnilar manmr, for static pressuro~

av. p
(

+ Pah2=- for cyllnders 1, 3, 5, 7, 9, 11, and Ll
)

I

This procoss was repeated for each of the three total-pressure-tube
locations on the front-row cylinders and for each of the two static-
pressuro-tubo locatlons on the rear-row cylinders. Average engine
pressure drop for heads was then computed by use of the aforementioned
averages as follows:
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av. Ap = ~
3.,(

a“” %hU.

.,.”. ... .. .,. ..-,-
. .

The analysis for

17 .

)(
+ av. H&2 + av. ~3 -z

~ )“
1 av..p&2 + Eiv.p-

-,.,.. --- -.. . . . . . ..

.(Hcado)

average barrel.mrdssure drop for the engine
fclluwed the _ pattern a= given f& the heads.- In this OS& the
fOllcwing meanlralente were Involved:” ..

.

av~ Ap = ~
(
aV-.~bll + av. ~b12Yl - ~v* pab2

)
“ (B9rrels)’

. .

General A_!J’planeInstrument InstallatIon
. .

..

The genes- Installation of Instrumentsand theti location
according to stations in tho a“irplanoazzeehown In figure 24. A
tabulation cf the Instruments and the data recotied at each
station is given In table II.

Station 1. - Figure 25 simwu thp auxll.@ry Instl’umentpanel,-—.——
the carburetor-air-temperaturelndicatcr, md the SIZ1 syetem for
communicationwith other stations in tho airplane. The Instrument
used by the pilot at station 1 for “settingengine conditions were
observed during the tests, but their readings were not recorded
Inasmuch as these measurements are IndicaLcd and recordod else-
where. A complete llst of instrumentsat fltatlon1 Ie given In
table II, column 1.

Station 2. - The flight coordinator operated the equipment at
station 2 (fig. 26), which consleted of the main test instrummt
TMU% the ~in s~el syst= for O~~lcations with other statio~~
and all controls for operathg special film-reccrdlng lnstrumonts.
The Instruments et station 2 were photographed durl~q flight and
me listed In table IT, column 2. In column 3 is a list.of measure-
ments taken with the special film-reoord?ng Instruments.

StatIon 3. - At statfon 3 (fig. @ the exlsteuoe of knock on “
any of the 14.oyllnders could be observed by the use of three oscil-
loscopes In ocmblnatlon with a selector switch. The sequence sigaal
lights identified the group of cylinders that was bel~ viewed on
the oscllloso6pes.

Station 4. - Fuel.selecti”m was made by the
station 4 in the rear bomb bay”compartment (fig.
taken by the fllght mecbnlc are shown In oolumo

fit~t.mebhanlc
28). Readi~S
5 of table II.

at

1 .—— —
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Station 5. - The observer at station 5 (fig. 29) operated the——
llACAthermal fuel flowmeter,-recorded special temperatures and
reference volt~e for the recording instruments, and checked the
operation of the recording Instruments.

Station 6. - At fitat~on6 were three Orsat apparat’useeand an
lUCA fuel-ah ratio indicator (fig. 30). Three Individual samples”
of oxidized exhaust gas were analysed for euch test point and their
average volumetric C02 content was used in determining the fuel-air

ratio from a oonvershn chart.

StatIon 7. - At station 7 (fig. 31) Photographs were taken of——
the engine c~oiing-atr prossuree indloated on the 100-tube manometer
board. A continuous record of the rear middle-barrel tcm~eratures
was made on a recording flight potentiometer. Continuous visual
observation of theec rmdlngs was deeired becau~e those were beltevod
to be the meet critical en@na temperatures. !Chla~udgmenb wus based
on the sequence of events, which occwred when & plstcn falluro was
expcrlenccd during teste with the oriRlnal teet englnu. (S~e ref-
erence 6.) An incipient plstcn eolzure can be antlc~patcd by a
close scrutlng of these tomprratures.

Miscellaneous. - Impact pressure was measured with anNACA total-—-
head tube and etatlc preesures with an NACA swiveling static-pree3ure
tube, Both the tokal-head and the static-pressure tubes wel’e
mountsd on a bocenextending ahead of the left wing. Figure 32
shows a view of the entire Interior of the rear compartment OP the
alrplarx. Recording Instrummte wore mounted on the deck ahead of
stations 5 and 6 and consleted of prsssure, temperature, and rotatlvc-
speed (engine and turhosupercharger ep6f3d)film recorders.

Procedure for Setting Conditions In Fllght for hock Tests ‘

Statlona 1, 2, and 3 woro mnst Important In .CGtorcunmg Condi-
tions of knock and Inmalntalnlng constant conditions dwin~ a test
run. The pilot obtained knock elthm by leaning the m~xture or by
increasing the manifold pressure and was notified of tho presonc~ of
knock by the oscilloscope opurator at station 3. Aaauming that a
knock point had just been obtal.ned(point u, fig. 33) zutiall the
data had been taken, the pilot then reduced the throttle opening
to a point bcdow hock, represented by point b. The mixtur[j-control
plate wae meanwhile held ~n a constant pcsition. Durl~ this reduc-
tion of boost (from a to b) the mixture ~trmqth would be oxpectod
to lean out, corraspondlng to the shape of the carburetor-metering-
characteristic curve in this region. Then, at constant throttle
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poa~tion (and, consequently, oonst@nt manlfold pressure) the mixture
was leaned out to sane point represented by c. After tho pilot had “-
reduced the mifiura strength by a eultable amount, he gradualJy
inoreased the manifold pressure, holdlng const=t the mixture control-
plate sett~ng, until the oscilloscope operator notified him tkt
proper knock conditions had been re&ched for.another lmoc.kpoint,
represented by point d b fl~e 33.

The aarburstor+ilrtemperature was ad by the pilot by”either
of two methcde: by adjustl~ the I.nterooaler-flapopening or by a
ocanblnatlonof waste-gate and throttle setthg. Measurements from a
resistance hlb, whloh was mmnt ed h the carburetor elbow dIrectly
abo~e the ~’bu~etor face, Were indloated on the pY.lotls carburetor-
air temperature me. This lc~tlon ccbresponds to that of the “
standuxl Installation In an airplene. It was moro convenimt to
set the carburetor-air tamperatnra frcm the bulb than fiuu the
thermocouple mounted on the ~-buretou screen bocauso the bulb
allowed dlract t~ei”~turo lndlcat~cn, viewed by tho pilct, whereas
the thermocouple temperature:,wore recorded cn film and Indicated
only on a manually balanced potentIometer at station 2.

The operator at statlcn 2 was e~aged ~n detorminl~ fuel-air
ratio (from a chart similar to fig. 22) and plattlng the knock data
for the previous kncck run whllo the operators at stations 1 and 3
wero sckting coniiblms for a new run. When conditions had sta’bl-
llzod, tli~o~erc.%x-at station 2 photographed the instrument panel “
and nctlfied tb G>iler~tation~ that data should bu taken. The
other ohGs”vwLs were nctlfied by signal lights, which were cmorgized
at the momonz a switch

Measurements fimm

for the l-oco~ing instr~nts wao thrownj

P2’esentatlonof Data

all stattone, including flight recorders.
and results fram a con~idorable amokt of oal~tit~ons on the d~ta
are tabulated on a sln@e data eheet as shown in table III; these
data exe not from the tests of this paper but are included to show
the method of tabulation. ThiH sheet was eet up fcr convenience and
ease of handling test measuraente; such a sheet contains data for
only a single test point.
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Figure 4. - Variation of mean effective gas temperatureT with fuel-air ratio. Engine
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Figure 14. - view of four-engine airplane used for flight knock and cooling investigation.
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(a) Method of locating thermocouple.

2U-gage, glass-insulated, iron-
constantan, duplex thermocouple
wire

Edges of hole peened for holding
s Ieeve

~ inch-diameter brass sleeve with

l-inch-diameter hole drilled
10
to within~6 inch of bottom

O.OUO- inch-diameter hole

Thermocouple wires silver-soldered
to end of brass sleeve

Spark-plug bushing

Section A-A
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lb) Method of installing thermocouple.

Figure 16. - Methods of locating and installing embedded

thermocouple ’38 in rear-spark-plug boss on cylinder head

of modified test engine.
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F

1

A Total-pressure tubes at baff

‘Hahll~ ‘ah12~ ‘ah13)

B Total-pressure tubes at baff

‘Habll~ ‘ablz)

e inlet to head

e inlet to barrel

C Embedded thermocouple in front-spark-plug boss (T3G)

D Pressure-type knock pickup

gure 17. - Instal Iation of pressure tubes, thermocouple,
and knock pickup on front of modified test-engine front-row
cyl inder.
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A

B

c

Open end static-pressure tubes behind the top head sealing
baff Ie, rear cyl ind”ers only (pahz, pahs)

Open end static-pressure tube in exit curl of baffle, rear
cylinders only (pabz~

Embedded thermocouple in rear-spark-plug boss ( T38 )

Figure 18. - Pressure-tube installation on top head baffle

and {n baffle-exit curl of modified test-engine rear-row cyl-
inders, and embedded thermocouple T38.
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A Total-pressure tubes at baffle in lettO head (Iiahll, l+ah13]

B Total-pressure tubes at baffle iniet to barrel (Iiabll, tiablz)

C Embedded thermocouple in front-spark-plug boss (T36)

gure 19. - Installation of pressure tubes and thermocouples on the front of the<
rear-row cylinders of modified test enaine.
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A Rear-spark-plug-gasket thermocouple (T12)

B Rear middle-barrel thermocouple (T6)

C Rear-hold-down-flange thermocouple (T14)

D Pressure tubes at baffle exit (pah2, pab2)

Figure 20. - Rear view of a rear-row cylinder of modified test engine

showing general instal Iation of thermocouples and pressure tubes.
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A Knock pickup, front row

B Knock harness and leads

C Pressure tubes and thermocouple leads through fire wall

D Torque nose section with 16:9 reduction gearing

E Furnace bui It into exhaust stack for oxidizing exhaust sample

Figure 21. - General view of installation on modified test engine.
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Figure 22. - Chart for determining fuel-air ratios during flight tests.
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Figure 23. - Schematic diagram of front-row and rear-row
cylinder of modified test engine showing location of total (H)
and static (p) pressure tubes. Underlined designations represent
pressure tubes used in determination of Lp for correlation equation.
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Figure 24. - Location of airplane stations and of test instrumentation in four-engine a

airplane. z
co



HACA MR MO. E5G09

Figure 25. - Station i. Pilot~s station showing panel board
of special instruments for test engine, carburetor-air-
temperature indicator, and signal lights.
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Figure 27. - Station 3. Oscilloscopes for observation of
knock, cylinder sequence signal lights, stop watch, and
station ready lights.
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F gure 28. - Station 4. Fuel selection panel in rear bomb

bay showing rotameter for measuring fuel flow.



Figure 29, - Station 5. Instruments for recording temperatures, fuel flow, and
reference voltage and temperatures.
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Figure 30. - Station 6. Orsat apparatus for determining

fuel-air ratio from exhaust gas.





Figure 32. - Rear compartment of four-engine airplane.
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